An intermingled fractal units' model is shown in order to simulate pore microstructures as pore fraction and pore size distribution. is model is aimed at predicting capillary water absorption coe cient and sorptivity values in cement pastes. e results obtained are in good agreement with the experimental ones. For validating this model, a comparison with other procedures has been shown. It is possible to establish that the newly proposed method matches better with the experimental results. at is probably due to the fact that pore size distribution has been considered as a whole. Moreover, even though the proposed model is based on fractal base units, it is able to simulate and predict di erent properties as well as nonfractal porous microstructure.
Introduction
Porous building materials may su er from weathering process caused by physical, chemical, and biological factors [1, 2] . e in uence of these deterioration processes depends on the topoclimatic environmental conditions, the material type, its preservation state, and location on the building [3, 4] . e circulation of water within microstructures of porous materials causes them to deteriorate considerably more rapidly, consequently compromising their behaviour [5] [6] [7] .
eir thermal (insulation) performance, mechanical properties, and degradation kinetics are therefore proportional to the amount of water that they may contain.
For this reason, the study of the capillary suction properties of construction materials remains a matter much debated [8] [9] [10] [11] [12] [13] . Its importance is connected to the analysis of their performance when installed as well as their durability [14] [15] [16] . In order to preserve these materials, it is necessary, in particular when it comes to historical building, to apply inspection methods, which not only assess the conservation state of the microstructure of materials but also help in the future evolution of a number of characteristics related to porosity for traditional or advanced engineering applications [17] [18] [19] [20] [21] .
In this regard, a large number of studies have dealt with these properties using several modelling procedures [9, 12, 22] . Over the last few decades, a new type of geometrical analysis has been developed which utilises gures with fractional dimensions, known as fractals. is term is derived from the Latin word fractus (broken/fractured). e importance of this approach is due to its usefulness in describing the analysis of complex systems. According to Mandelbrot, there are a large number of fractals in nature and these forms may be used for describing some common aspects such as vegetables' growth, mountains and rivers geomorphology, geometrical organisation of human organs, and in our case, materials' microstructures [23] . A fractal (deterministic fractal) is a geometric gure whose each and every part is similar to the whole and is repeated on di erent scales (self-similarity and autosimilarity). Many fractals are constructed using the iteration procedure. For example, the well-known Menger sponge is created by splitting each of the edge of the primary solid cube into three equal parts, creating 27 subcubes. Seven of these subcubes will be removed: the subcube in the middle of each face and the subcube in the centre of the cube. For the later iterations, which can be in nite, the same subdivision and removal process are repeated on the remaining solid subcubes.
In microstructure modelling terms, the development of a fractal, as the Menger sponge, is dimensionally limited to the measurements of the edge of the larger and smaller cubes. While the number of iteration increases, geometrical structure is ne, highly intricate, and detailed at all scales. When it comes to porosity, fractal geometry displays a wellknown series of "sponges" that, regardless of being originally very simple, recall the pore size distribution or the morphology of their outlines (e.g., the Menger sponge or its corresponding bidimensional model known as the Sierpinski carpet).
e development into space of the scaling procedures (self-similarity, applied on no less than two/three orders of magnitude) allows the process of the porosimetric data obtained by mercury intrusion porosimetry or gas absorption. ese applications can be found in the literature in several di erent cases and include traditional as well as the study of advanced ceramic materials, namely, sandstones and soils as well as cement materials [24] [25] [26] [27] .
Quite recently, it has also been possible to connect the fractal geometry to a number of relations enabling the effective and rational (not empirical) evaluation of physical quantities which are technologically relevant [5, 28, 29] .
For example, Winslow [30] described the X-ray scattering technique for measuring the dimension of a fractal surface to demonstrate that the surface of hydrated cement paste is fractal in character and has a large fractal dimension. A model to describe nucleation and growth for the hydration of tricalcium silicate has been presented by Livingston [31] . Lange et al. [32] explored several image analysis techniques that provide insight into the nature of pore structure as observed in backscattered electron images of polished sections. Diamond and Bonen [33] have shown that pore systems of concrete may present fractal characteristics. In the study by Arandigoyen and Alvarez [34] , the microstructure of blended mortars is studied taking into account porosity and pore size distributions. Surface fractal dimension has been calculated and correlated with the percentage of cement/lime. It has been shown that the system with higher percentage of cement has higher surface fractal dimension values. Comegna et al. [35] used "Tyler and Wheatcraft fractal model" for determining soil-water retention curves. Meanwhile, in Xu and Dong [36] , the soil-water characteristics, hydraulic conductivity, and soilwater di usivity of unsaturated soils are derived and expressed by only two parameters, the fractal dimension and the air-entry value, which can be evaluated from the fractal model for the pore size distribution. In [37] , Shi et al. presented a series of fractal models developed to investigate the e ect of gas di usion layer's wettability on liquid water and gas permeation. Zheng and Yu [38] proposed a fractal analytical expression in order to predict gas permeability ow through dual-porosity media. e model predictions are in good agreement with the experimental data. Furthermore, the fractal geometry has been used to correlate mechanical behaviour and thermal conductivity with pore size distribution [29, [39] [40] [41] [42] [43] [44] . is paper is set out to highlight that, through appropriate fractal modelling techniques applied to the microstructure derived from experimental tests requiring a fairly small amount of material, such as mercury intrusion techniques, it is possible to predict the water content that such microstructures absorb as a function of the exposed surface and the time of exposition: sorptivity coe cient.
Moreover, fractal model data are compared with other models from [9, 12] . e purpose of this communication, in addition to illustrating how experimental data on capillary suction correspond very closely to those obtained from the intermingled fractal unit (IFU) model, is to put forward the idea of developing a new model which is able to predict the properties which are connected to the microstructure in any porous material [5, 42, 44] . In a former article, it was noted how the IFU and the fractal procedure are able to get some values of thermal conductivity and mechanical properties which are very close to those obtained experimentally [29, 43, 44] . For this reason, this approach could be a very useful tool to design cement pastes and concrete materials with peculiar physical properties.
IFU Model and Analytical Expression for
Calculating Sorptivity Coefficient e proposed model is based on the Sierpinski carpets as base units. is fractal gure is obtained by commencing from a square with sides which are divided according to a factor (F) of 3, resulting into a gure consisting of 9 subsquares, from which two are removed. e remaining 7 subsquares (s) are treated in the same manner; that is, their sides are divided by the length scale factor (F) of 3, thus generating a further 9 subsquares, from which 2 are removed ( Figure 1(a) ) and 7 are involved in the iteration process. is procedure may continue ad in nitum, but for experimental cases, the number of iterations (i) depends on the porosimetric range (Figure 1(a) ). Fractal dimension of the gure under consideration is calculated as
Di erent Sierpinski carpets can be obtained by changing the number of the removed squares or the number of iterating and noniterating squares. An example of this conguration is shown in Figure 1 (b). It is possible to note that there are 5 iterating squares and 2 solid forever squares at second iteration.
is con guration is repeated for the following iterations.
e extruded Sierpinski carpet has a pore size distribution in which the hypothetical mercury volume intruded is proportional to pore size.
e maximum adsorption corresponds to maximum pore ray. Porous materials can have a more complex pore size distribution in which maximum pores coincide with a generic pore radius or there may be more peaks corresponding to the pore size of the radius range [45] . In both cases, these pore size distributions are not typically fractal.
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It has recently been shown that even real nonfractal structures can be e ectively modelled by laying together di erent fractal units.
is modelling procedure, called intermingled fractal unit (IFU) model, is able to reproduce porous microstructure in terms of agreement with experimental porosimetric data: pore volume fraction (ε exp ) and pore size distribution [28, 44] (Figure 2 ).
Considering the value of ε, obtained from the MIP tests, in a simple case in which only two di erent types of the Sierpinski carpet have been utilised as base units, the number n B of B base units, for each A base unit, is calculated by the equation
where A A , A B , A Ap , and A Bp represent the total areas and the total pore areas of units A and B ( Figure 2 ). e base units have di erent maximum pore sizes, whereas they could have di erent numbers of removed squares as well as fractal dimension, iterations, pore volume fraction, etc.
In order to gain control on the pore fraction value, it could be necessary to introduce su cient parts of IFU-lled surface.
is part of the model is not involved in any pore generation process and is porosity free. So, whenever useful, it is possible to keep porosity constant by varying the pore size distribution. For the same reason, as shown in Figure 1 (b), some squares derived from the Sierpinski carpet cannot be part of the iteration process, thus remaining solid forever (no porosity). In order to obtain a tridimensional model, the Sierpinski carpets and lled surface are extruded connecting in series more IFU cross sections.
e mercury intrusion porosimetric (MIP) technique, from which, in this work, experimental data are acquired, considers separate and distinct capillaries. For this reason, in the proposed model, no connections in any directions are considered. However, capillary rise is perturbed by pore tortuous paths decreasing uid rate.
At the same time, the obtained IFU arrangement must be considered from analytical point of view. In this sense, for reproducing porous microstructures, it is su cient to know the numerical characteristics of the base units and the lled surface. Geometrical representations, as reported in Figure 2 , are oversimpli ed scheme (e.g., n B is a very large value, i.e., ≈10
9
, which results into non t for the illustration purpose).
Overall, all these model characteristics make it particularly performing and sensitive with regard to the most di erent pore size distributions experimentally veri able.
During the water capillary absorption process, the sorptivity value is represented by the slope of the rectilinear section of the curve between water absorption per unit area versus square root of time. Each class of pores, therefore, absorbs at its own speed as a function of the radius size. In order to calculate the sorptivity so that it can be compared with experimental values, it is necessary to study the ow of uid which passes through every base units of IFUs. In a porous model with the characteristics expressed above, the number of pores for a given iteration, i, is given by the following formula: e ow of a uid for an individual capillary with a section calculated as that of the circumference inscribed in the square subtracted from the given iteration i is given by the Hagen-Poiseuille equation:
where Δp is the pressure loss, L t is the capillary length considering tortuosity, λ is the pore diameter, and μ is the dynamic viscosity. e tortuous path of pores (L t ) is expressed by
where L 0 is the length of rectilinear capillary and its value corresponds to the dimension (height) of the sample and D T is the tortuous fractal dimension:
τ class is the tortuosity of the speci c pore class, calculated as
where ε class is the pore class volume fraction and a is a constant that depends on pore shape (in this case, its value is 0.63) [46] . Moreover, a generic diameter may be expressed by the following relation:
Simple algebra shows that the Hagen-Poiseuille equation can be rewritten as
e ow Q class for a generic class of pores is the result of q pore · N, thus,
e average speed of water rising A p as total porous surface will be given by
where Q is the total ow and A p is the total porous surface. In this manner, the time that the uid takes to saturate each single pore could be obtained by the following equation:
At time t λsat of the most signi cant class of pores for capillary absorption, it is possible to calculate all the heights e sorptivity is the slope of the linear section o he curve obtained between the mass change per area and the square root of time and is determined by linear regression using at least ve successive aligned points.
Considering the total volume of uid adsorbed, the total absorbent surface, and the water saturation time, it is possible to calculate the sorptivity. reached by the uid on the remaining pores of di erent radii (eventually, for the pores higher than the representative radius, at t λsat , they are considered lled of water). Consequently, the volume of uid absorbed could be calculated by
Considering the mass of the total volume of absorbed water, Δm IFU � V tot · ρ, in which ρ is the density of water and the total absorbent surface (A IFU ) sorptivity is equal to
In brief, the use of the IFU consists of (Figure 2 shows an outline about IFU sorptivity procedure) (a) cumulative MIP curve data analysis and veri cation of the fractality of the microstructures [44, 47] , (b) model processing (based on the Sierpinski carpets with di erent geometric size and scaling iterations) in order to reproduce the experimental pore size distribution and the pore volume fraction, (c) applying the fractal expression of capillary adsorption for each unit and considering the various contributions, and (d) comparison between modelling predictions and experimental and/or other model soptivity data [9, 12] .
Materials

First Data Set (A).
e microstructures analysed are systems with a cementitious CPA CEM I 52.5 (EN 196-1) and argillaceous matrix consisting exclusively of kaolin (with an absolute density, measured using a water pycnometer, of 2.65 g/cm 3 ) [48, 49] . e wood aggregates (Picea wood) have sizes between 3 and 8 mm: A-1 (clay cement matrix) and A-2 (clay cement matrix + 30% wood aggregates). Samples are placed in a storage room for 28 days.
Second Data Set (B).
A commercial Portland cement CEM II 42.5 to make up pastes with water-cement rations (w/c; by weight) of 0.25, 0.34, and 0.43 is used (henceforward referred to as B-1, B-2, and B-3) [50] . e test specimens (25 mm cubes) were aged for 28 days (7 days under water and 21 days in air). Table 3 : IFU input data to models C-1, C-2, C-3, and C-4. e fractal dimension (D f ), the maximum (R max ) and minimum rays (R min ), the number of iterations, the number of solid forever squares for each base unit (the Sierpinski carpet), the number of B base units (n B ), the lled surface (FS) used to build the IFU, and comparison between experimental (ε exp ) and predicted pore volume fractions (ε IFU ). Advances in Materials Science and Engineering
ird Data Set (C).
Four cement-based mortars, hereafter referred to as C-1, C-2, C-3, and C-4, are considered [51] . All the composites were produced on the basis of the Portland cement CEM I 42.5 R, natural quartz sand with maximum grain size of 2 mm (from Bielinek in Poland), and tap water in di erent quantities. e weight ratio of sand and binder (cement, silica fume) was s : b � 3.1 : 1.0. Curing was performed for 28 days in air (lab conditions).
Fourth Data Set (D).
Sixty cylindrical specimens of 4 cm (diameter of 3.4 cm) were elaborated blending the lime with the cement in order to obtain six di erent compositions (% lime: 0, 20, 40, 60, 80, and 100%, resp., called D-1, D-2, D-3, D-4, D-5, and D-6) with 10 specimens of each composition [52] . Different amounts of mixing water were employed in order to obtain a similar consistency in all the pastes. e specimens, arranged in a vertical position, were cured in ambient laboratory conditions (RH 60 ± 10% and 20 ± 5°C) for 2 years. Other characteristics are illustrated in the reference. For all systems, capillary absorption and mercury intrusion porosimetry (MIP) tests to measure sorptivity values and porosity (pore size distribution and pore size range) have been conducted [48] [49] [50] [51] [52] .
Capillary tests are performed placing regular specimens in a container with a dry bedding layer (minimum thickness of 5 mm). During absorption, water must be added in order to maintain the water-level constant. Samples are weighed at regular interval, which depends on the speed of water absorption. When the weight of the samples remains constant (±1%) for 24 hours, the test is ended.
e water absorbed per unit of exposed surface Q i (mg/cm ) and was determined by linear regression using at least 5 successive aligned points.
Mercury intrusion porosimetry (MIP) is carried out by using the Micromeritrics Autopore porosimeter. For these tests, one fragment (dimension ≈ 1 cm 3 ) is selected by each sample for which sorptivity has been estimated by capillary absorption test.
IFU Application and Comparison with Experimental and Model Findings
e comparison between experimental ndings and modelling predictions can be used to validate the IFU modelling approach and tests its capabilities and limitations. In particular, Tables 1-4 show IFU input data to set the model in order to reproduce experimental porosimetric cumulative curves. ey report the fractal dimension (D f ), the maximum (R max ) and minimum rays (R min ), the number (i) of iterations (R max , R min , and i strictly depends on experimental porometric data), the number of solid forever squares for each base unit (the Sierpinki carpet), the number of B base units (n B ), the lled surface (FS) used to build the IFU, and a comparison between experimental (ε exp ) and predicted (ε IFU ) porosities expressed as a fraction. Figure 3 reports a comparison between experimental (from MIP tests [50, 51] ) and modelling pore cumulative curves. e following graphs are given as an example for B-2, B-3; C-2, C-4; and D-3, D-4 systems.
It is possible to see that IFU modelling reproductions are in good agreement with experimental ndings.
Once the simulation has been successfully performed, the IFU input data (from Tables 1-4) can be used to apply (14) for calculating the sorptivity values (S IFU ). e S IFU has been compared in Table 5 with the corresponding experimental measurements (S exp ) [48] [49] [50] [51] [52] .
Moreover, in order to make a comparison complete, Table 5 also contains the sorptivity calculated by adopting the models reported in [9] , S [9] , and in [12] , S [12] , Table 4 : IFU input data to models D-1, D-2, D-3, D-4, D-5, and D-6. e fractal dimension (D f ), the maximum (R max ) and minimum rays (R min ), the number of iterations, the number of solid forever squares for each base unit (the Sierpinski carpet), the number of B base units (n B ), the lled surface (FS) used to build the IFU, and comparison between experimental (ε exp ) and predicted pore volume fractions (ε IFU ). [12] � ερ
where ρ, c, μ, ε, r 0 , τ, and θ represent, respectively, the density, the surface tension, the viscosity of the liquid, the experimental open porosity, the median pore size, the pore tortuosity of the solid, and the liquid-brick contact angle [9] . ese models predict sorptivity values with two di erent analytical procedures. It is possible to note that S [9] and S [12] predictions are de nitely much smaller or higher than the experimental ndings. e greater di erence obtained by applying the latter two procedures [9, 12] is presumably owing to the fact that they only take into consideration the mean pore radius, while the IFU procedure considers the whole pore size distribution. Indeed, pore size distributions can be very di erent from each other, and they can determine diverse properties and performances of porous materials [5, 29, 42, 43] . Nevertheless, these pore size distributions can have the same average pore radius.
Under these circumstances, since, for some materials, average pore radius can be representative of pore size distribution [9, 12] , for others, it is necessary to consider entirely their pore size distribution.
Overall, the IFU modelling procedure proposed has proven to be an important tool to better understand the correlation between microstructures and suction properties Advances in Materials Science and Engineering 7 of porous materials. It allows verifying the data achieved from experimental tests that are often di cult to implement and/or interpret. e IFU model has full potentiality to become a work instrument to plan the mix design of cement pastes.
Conclusions
An intermingled fractal units' model has been developed in order to reproduce the pore size distribution of cement. By applying an analytical-fractal procedure, it is possible to predict the sorptivity coe cient.
e agreement between experimental ndings and modelling predictions indicates that the IFU model developed is able to suitably account for the fundamental mechanisms of water absorption in porous building materials. Moreover, other two analytical procedures to have sorptivity values have been applied, but it is possibly established that the newly proposed method better matches with the experimental results. is good agreement achieved is probably due to the IFU capability to consider pore size distribution entirely and not only an average pore. In fact, the IFU model based on fractal units is able to reproduce every pore size distribution even if they are not fractal.
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